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The recent observation of an excess in the electronic recoil data by the XENON1T detector has
drawn many attentions as a potential hint for an extension of the Standard Model (SM). Absorption
of a vector boson with the mass of mA′ ∈ (2 keV,3 keV) is one of the feasible explanations to the
excess. In the case where the vector boson explains the dark matter (DM) population today, it is
highly probable that the vector boson belongs to a class of the warm dark matter (WDM) due to
its suspected mass regime. In such a scenario, providing a good fit for the excess, the kinetic mixing
κ∼10−15 asks for a non-thermal origin of the vector DM. In this letter, we consider a scenario where
the gauge boson is nothing but the U(1)B−L gauge boson and its non-thermal origin is attributed to
the decay of the scalar talking to the SM sector via a portal with the SM Higgs boson. We discuss
implications for the dark sector interactions that the vector DM offers when it serves as a resolution
to both the small scale problems that ΛCDM model encounters and the XENON1T anomaly.
I. INTRODUCTION
Recently, the XENON1T collaboration reported an ex-
cess in the electronic recoil data for the energy regime
ranging from 1 keV to 7 keV [1]. Especially, the promi-
nence of the excess for mA′ ∈(2 keV,3 keV) aroused many
interesting interpretations based on various extensions of
the SM. Absorption of a vector boson is one of the plausi-
ble possibilities for the excess in which case its suspected
mass and kinetic mixing read mA′ ∈ (2 keV,3 keV) and
κ∼10−15 respectively [2–5]. Provided this vector boson
serves as a dominant component of DM today, its sus-
pected mass regime could be of interest in regard to the
small scale problems (e.g. core/cusp problem [6], missing
satellite problem [7, 8], too-big-to-fail problem [9]); keV
scale WDM can alleviate some of the small scale prob-
lems if the free-streaming length travelled by the WDM
amounts to O(0.1) Mpc [10].
Note that, however, the dark photon (A
′
µ) mass mA′ ∈
(2 keV,3 keV) is actually outside of the allowed thermal
WDM mass regimes inferred from Lyman-α forest obser-
vation mthermalwdm > 5.3 keV [11] and redshifted 21cm sig-
nals in EDGES observations mthermalwdm > 6.1 keV [12, 13].
Therefore in order for the dark photon to be a candi-
date for WDM to address the small scale problems, it
should be a non-thermally originated one. Very inter-
estingly, this line of reasoning to have a non-thermal
dark photon DM (DPDM) gathers momentum when
it is taken into account that a fit of good quality for
the excess can be accomplished for the kinetic mixing
κ ∼ 10−15 [1–4]. Being the most direct and dangerous
coupling to thermalize A
′
µ with the SM thermal bath,
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the observed kinetic mixing κ ∼ 10−15 ensures that A′µ
can avoid to join the SM thermal bath unless there is
another significant indirect coupling to the SM sector.
Now there arises an interesting question: what could be a
non-thermal production mechanism that allows the mass
regime mA′ ∈(2 keV,3 keV) consistent with the aforemen-
tioned constraints on mthermalwdm ? As we shall discuss, an
answer to this question concerns momentum space dis-
tribution of A
′
µ which decides the map from m
thermal
wdm
to mA′ . Different non-thermal production mechanisms
will be characterized by different momentum spaces for
A
′
µ. Namely, given the same constraint on m
thermal
wdm , this
implies that we would have different lower bounds for
mA′ , depending on what kind of non-thermal production
mechanism produces A
′
µ.
In this letter, we study the scenario where the keV-
scale DPDM with the suppressed kinetic mixing arises
with a non-thermal origin. Especially for mA′ ∈
(2 keV,3 keV), the DPDM can induce the XENON1T
anomaly through absorption analogous to the photoelec-
tric effect. We identify A
′
µ with the massive gauge boson
of the broken U(1)B−L gauge theory which is the most
well-motivated minimal extension of the SM. When in-
corporated with a scalar and three heavy right handed
neutrinos, U(1)B−L gauge theory provides us with the
most elegant explanation for the origin of the small-
ness of the active neutrino masses based on the see-
saw mechanism [14–16] and the leptogenesis [17, 18].
In spite of this concreteness of the model, our mecha-
nism and result can be easily generalized to a hidden
broken U(1) gauge theory, emphasizing its usefulness in
the study of the DPDM. To enable the observed mass
regime mA′ ∈ (2 keV,3 keV) to be consistent with the
given constraint on mthermalwdm , we consider the produc-
tion mechanism where the non-relativistic scalar charged
under U(1)B−L produces A
′
µ via its decay after U(1)B−L
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2gets spontaneously broken.1 The parent scalar particle
is assumed to be produced non-thermally from the SM
thermal bath. We show the mapping between mthermalwdm
and mA′ explicitly, corroborating that the production
mechanism of our interest indeed provides a converted
experimental constraint on mA′ making mass regime
mA′ ∈ (2 keV,3 keV) survive. By computing the free-
streaming length based on the thermal history of A
′
µ in
the model, we further show presence of the parameter
space in which A
′
µ becomes the WDM candidate resolv-
ing some of the small scale problems.
II. MODEL
We consider the broken U(1)B−L gauge theory of which
the massive gauge boson A
′
µ is taken to be the DM can-
didate in the model. On top of the SM particle contents,
we introduce a scalar Φ (-2) and three right-handed neu-
trino Weyl fields N i=1,2,3 (+1) where the numbers in
the parenthesis denote U(1)B−L charges assigned to each
field. These additional fields form the following Yukawa
coupling
LYuk =
3∑
i=1
1
2
yN,ijΦN
(i)
N
(j)
+ h.c. , (1)
by which the right handed neutrinos acquire masses when
the condensation of Φ induces the spontaneous breaking
of U(1)B−L. Stemming from the large vacuum expec-
tation value (VEV) of Φ, the heaviness of these right
handed neutrino fields can explain the tiny active neu-
trino masses via the seesaw mechanism [14–16]. More-
over, the out-of-equilibrium decay of the heavy right-
handed neutrinos creates the lepton asymmetry of the
universe which is converted into the baryon asymmetry
later with the help of the sphaleron transition [17]. For
the consistency of the model shown to be later, we con-
sider the reheating temperature TRH & 1012GeV. We
assume that two of mass eigenvalues of N are compara-
ble to <Φ>≡ VB−L/
√
2 while the mass of the remaining
one lies between TRH and VB−L (TRH < VB−L). Then at
the reheating era, the lightest N serves as the source of
the SM thermal bath via its decay into leptons and the
SM Higgs (non-thermal leptogenesis) [18, 31].
Since A
′
µ in the model is identified with the hypo-
thetical vector boson triggering the XENON1T excess,
we set mA′ = 2gB−LVB−L ' 2 − 3keV where gB−L
is the gauge coupling of U(1)B−L. Since we assume
1 A variety of other ways to produce the vector DM non-thermally
has been suggested: resonant decays from an axion-like scalar
via a tachyonic instability [19–21], production from a dark Higgs
via a parametric resonance [22], decays from a network of the
cosmic strings [23], vector coherent oscillation [24–27], and the
gravitational production [28–30].
VB−L & 1012GeV for the non-thermal leptogenesis, we
further set gB−L . 10−18.
On the other hand, the scalar sector of the model is
described by the following potential
Vscalar = −m2Φ|Φ|2 + λ|Φ|4
+ λHΦH
†H|Φ|2 + V (H) , (2)
where H denotes the SM SU(2) Higgs doublet and V (H)
is the Higgs potential in the SM. We see that there appear
two new dimensionless couplings λ and λHΦ as compared
to the SM scalar sector. In the coming next sections, we
study how these new couplings enable A
′
µ to play a role
of the non-thermally produced WDM which can resolve
the small scale problems and explain the XENON1T
anomaly.
III. PRODUCTION OF THE DARK PHOTON
At the reheating era with TRH & 1012GeV, the scatter-
ing process H + H∗→φ + φ∗ based on the Higgs portal
interaction in Eq. (2) can produce the radial mode of
Φ non-thermally for a sufficiently small λHΦ.
2 Here φ
is defined via Φ ≡ (φ/
√
2 + VB−L/
√
2)eiθ/VB−L with θ
Nambu-Goldstone mode that is absorbed by A
′
µ on the
spontaneous U(1)B−L breaking. We shall take φ as the
parent particle of which decay produces a pair of A
′
µ when
it becomes non-relativistic.
For our purpose of having A
′
µ as a non-thermal WDM
candidate, we figured out that the model is consistent
with a large enough λ which enables φ to form the dark
thermal bath. The tiny gauge coupling and the small
Higgs portal coupling (λHΦ) keeps the purity of the dark
thermal bath until φ becomes non-relativistic so that the
dark thermal bath is made up of φ only. φ avoids to be
thermalized by the SM plasma since it is produced from
the scattering process H +H∗→φ+ φ∗ if the associated
interaction rate continues to be smaller than the Hubble
expansion rate, i.e. Γ < H until the SM Higgs particles
are integrated out. As we shall see in the discussion of
the DM relic density, we found that for the reheating
temperature we consider in the model, λHΦ is sufficiently
small not to thermalize φ until TSM ' 100GeV is reached.
Below TSM ' 100GeV, both the SM Higgs and φ do not
exist and thus the scattering process H + H∗→ φ + φ∗
cannot take place physically.
As soon as φs are produced via the Higgs portal at
the reheating era, due to the self-quartic interaction (λ)
shown in Eq. (2), the dark thermal bath forms via the
scattering process φ+ φ→ φ+ φ if the associated inter-
action rate wins against the Hubble expansion rate, i.e.
2 As for non-thermal productions of dark sector particles via the
SM particle scattering processes, see Refs. [32–34]
3Γ2φ→2φ ' λ2ξTSM(aRH) & TSM(aRH)
2
MP
, (3)
where ξ ≡ TDS/TSM is used. Eq. (3) gives us the max-
imum allowed reheating temperature TSM,max(aRH) '
λ2ξMP below which Γ2φ→2φ >H always holds. As will
be shown later, the correct DM relic abundance match-
ing gives us ξ ' 0.5. Apart from Eq. (3), when the dark
thermal bath formation requires φ to be relativistic at
the reheating era. Thus, we take the following hierarchy
as the condition for formation of the dark thermal bath
(λ2ξMP )ξ > TDS(aRH) > mφ , (4)
where TDS is the dark thermal bath temperature. The
parameter space meeting the condition in Eq. (4) is
shown as the area below the green dotted line in Fig. 1.
Thereafter, φ in the dark thermal bath continues to
experience redshifting to become the non-relativistic par-
ticle when mΦ ' TDS is reached.3 Thereafter, when the
time for the φ’s decay rate Γφ→A′+A′ to be comparable to
the Hubble expansion rate is reached, the non-relativistic
φ starts to decay to a pair of A
′
µs. Since then, A
′
µ begins
free-streaming as the WDM. By equating the decay rate
Γφ→A′+A′ to the Hubble expansion rate during radiation
dominated era, we obtain the temperature at which the
free-streaming of A
′
µ begins
Γφ→A′+A′ '
g4B−LV
2
B−Lm
3
Φ
64pim4A′
' T
2
SM(aFS)
MP
⇐⇒ TSM(aFS) ' 3.8× 107 ×
√
λ×
( mΦ
1GeV
)1/2
GeV ,(5)
where we used mΦ =
√
2λVB−L and aFS is the scale factor
for the onset of the free-streaming of A
′
µ. To make it
sure that the time corresponding to aFS is preceded by
the time when φ becomes non-relativistic, we impose the
condition mφ > ξTSM(aFS), which results in
mφ > ξ × (1.44× 1015 × λ)GeV . (6)
where we referred to Eq. (5) for TSM(aFS). This condi-
tion is satisfied by the region above the red dotted line
in Fig. 1.
In this section, we studied the constraints on parame-
ters in Eq. (2) and TSM(aRH) ≡ TRH obtained by requir-
ing (a) non-thermal production of φ, (b) thermal bath
3 Note that A
′
µ cannot join the dark thermal bath by scattering
among φs due to the small gB−L. This allows φ to decay after it
becomes non-relativistic, which is the key aspect that makes A
′
µ’s
mass regime inferred from the XENON1T survive against the
Lyman-α forest constraint on the WDM mass. The similar non-
thermal WDM production mechanism was also used in Refs. [3,
34, 35].
formation by φ self-interaction, (c) absence of thermal-
ization of φ prior to its decay and (d) non-relativistic
φ’s decay to A
′
µs. These constraints would be further
refined in the next section by several additional cosmo-
logical conditions that A
′
µ should meet as the WDM can-
didate.
IV. DARK PHOTON AS THE WDM
Here we study physical quantities that characterize
the dark photon A
′
µ as the WDM. These quantities in-
clude the relic density, ∆Neff contributed by A
′
µ, the free-
streaming length λFS of A
′
µ and the current constraint on
the mass of A
′
µ based on the Lyman-α forest observation.
A. Relic density
We assume that A
′
µ explains the whole of DM popu-
lation today. The fraction of the energy density of the
universe today attributed to the DM reads
ΩDM,0 =
ρDM,0
ρcr,0
=
s0
ρcr,0
×mDM × YDM ' 0.27 , (7)
where the comoving number density of DM, YDM ≡
nDM/s, is the conserved quantity since the production
of the DM. From the values of s0 = 2.21× 10−11eV3 and
ρcr,0 = 8.02764× 10−11 × h2 eV4, one obtains
YDM = 9.8× 10−4 ×
(mDM
1keV
)−1
× h−2 , (8)
where h is defined to be H0 = 100hkm/sec/Mpc. On the
other hand, having the decay process φ→A′µ+A
′
µ as the
origin of DM in the model, regarding number densities
of particles, we have the relation nA′ = 2nφ. Given the
non-thermally produced φ from the SM Higgs scattering,
the comoving number density of DM discussed in Eq. (8)
can be written as [33]
YDM ≡ nA
′
sSM
=
2nΦ
sSM
∼ 2nHΓ/H
sSM
∣∣∣∣
T=TRH
' 2.7× 109 × λ2HΦ ×
(
TRH
109GeV
)−1
. (9)
Thus, using h = 0.68, equating Eq. (8) and Eq. (9) gives
λHΦ ' 8.86×10−7×
(
TRH
109GeV
)1/2 ( mA′
1keV
)−1/2
. (10)
Note that for a given TRH & 1012GeV, we see that
λHΦ in Eq. (10) is still small enough to ensure that
ΓH+H∗→φ+φ∗ < H holds until H becomes not energetic
enough to produce φs via the scattering and φ disappears
in the dark sector via its decay.
4Using the forms of nφ and sSM as functions of TDS
and TSM, we can write YDM given in Eq. (9) as the
function of ξ. By equating the result to YDM inferred
from Eq. (8), we obtain ξ ' 0.5 for the mass regime of
mA′ ∈(2 keV,3 keV).
B. ∆Neff contributed by the dark photon
As the keV-scale DM candidate, A
′
µ is the relativis-
tic particle during the BBN era, behaving as the radi-
ation. Therefore, its energy density contributes to the
background expansion during the radiation dominated
era, which is parametrized by its contribution to the ex-
tra effective number of neutrinos, ∆NBBNeff . The amount
of energy density of A
′
µ at BBN time is given by
ρDM(aBBN) =
√
m2DM +
(
mΦaFS
2aBBN
)2
× YDM
×2pi
2
45
gs,SM(aBBN)TSM(aBBN)
3 , (11)
where YDM is given in Eq. (8) and gs,SM is the effective
number of relativistic degrees of freedom for the entropy
density.4 In terms of ρDM(aBBN), ∆N
BBN
eff is defined to
be
∆NBBNeff '
ρDM(aBBN)
ργ(aBBN)
× 8
7
(
11
4
)4/3
. (13)
From the constraint on ∆NBBNfluid ≤ 0.364 [36](95% C.L.),
Eq. (11) and Eq. (13), we obtain
mΦ . (1.32− 2.96)× 1019λ GeV , (14)
for mA′ ∈(2 keV,3 keV).
C. Free-streaming length of the dark photon
As the WDM candidate, A
′
µ can alleviate the
small scale problems provided its free-streaming length
amounts to λFS ' O(0.1)Mpc [10].5 Thus, we fo-
cus on the parameter space which can produce λFS '
O(0.1)Mpc to make A′µ DPDM WDM candidate address-
ing the small scale problems.
The free-streaming length is computed by
λFS =
∫ t0
tFS
<vDM(t)>
a
dt
4 By referring to Eq. (5), we obtain aFS
aFS ' 2.6× 10−21 × λ−1/2 ×
( mΦ
1GeV
)−1/2
. (12)
5 In Ref. [10], WDM is characterized by 0.01Mpc . λFS . 0.1Mpc.
=
∫ 1
aFS
da
H0F (a)
<pDM(aFS)> aFS√
(<pDM(aFS)> aFS)2 +m2DMa
2
,
(15)
where F (a) ≡
√
Ωrad,0 + aΩm,0 + a4ΩΛ,0, aFS is given in
Eq. (12) and <pDM(aFS)>' mΦ/2 in the instantaneous
decay limit. Since aFS is a function of (λ,mΦ), so is λFS
in our model.
D. A
′
µ mass constraint from the Lyman-α forest
From the observation that WDMs of different origins
have similar effects on the linear matter power spectrum
if their velocity variances (β) are close to each other [37],6
one can map the mass constraint on the thermal WDM
from Lyman-α forest observation to a mass constraint
on a non-thermally originated WDM [38]. The velocity
variance is defined to be
β ≡ β˜ TDM
mDM
with β˜ ≡
∫
dqq4f(q)∫
dqq2f(q)
, (16)
where f(q) is a momentum space distribution for the DM
of interest. In our model, A
′
µ is produced from the non-
relativistic particle’s decay. As such, A
′
µ is character-
ized by the momentum space distribution of the form
f(q, t) = (B/q)exp(−q2) with q ≡ p/T [37, 39–42]. Here
B is a normalization factor. This yields β˜A′ ' 1 while
β˜thermalwdm ' 3.6 for the fermionic thermal WDM. On the
other hand, the thermal WDM’s temperature today is
given by [43]
T thermalwdm,0 =
[
0.036
(
94eV
mthermalwdm
)]1/3
Tγ,0 , (17)
where Tγ,0 ' 2.35 × 10−4eV is the photon temperature
today. In addition, using Eq. (12), we obtain DM tem-
perature today
TA′,0 =
mΦaFS
2
= 1.3× 10−21 × λ−1/2 ×
( mΦ
1GeV
)1/2
GeV .(18)
Eventually equipped with the aforesaid information
above, by equating βA′ with β
thermal
wdm , we obtain the lower
bound of mA′
mA′,lower bound =
1
3.6
TA′,0
T thermalwdm,0
mthermalwdm,lower bound . (19)
6 In references we cite here, the velocity variance is denoted by σ.
But here we use β on behalf of σ.
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FIG. 1. The parameter space on (λ,mΦ) plane which show
(1) a set of points satisfying each specified λFS, (2) the region
satisfying ∆NBBNeff < 0.364 (gray shaded area), (3) the re-
gion that ensures formation of the dark thermal bath (below
the green dotted line), (4) the region that ensures the non-
relativistic φ decay and (5) the region that produce a lower
bound of the mass of A
′
µ based on the mapping discussed in
Sec. IV D.
when we enter the lower bound of the thermal WDM
mass into mthermalwdm,lower bound. Given m
thermal
wdm > 5.3 keV
from Lyman-α forest observation [11], we show the pa-
rameter space resulting in the lower bound of mA′ smaller
than 3keV as the region below the blue dotted line in
Fig. 1. (The same can be done for the case of 2keV)
This confirms that the observed mass regime mA′ ∈
(2 keV,3 keV) is consistent with Lyman-α forest observa-
tion if A
′
µ is the WDM produced based on the mechanism
we discussed in our model.
E. Combined constraints on V (Φ)
In Fig. 1, for the exemplary value of mA′ = 3keV,
we show the resultant parameter space of (mΦ, λ) ob-
tained by applying the constraints on ∆NBBNeff and the
free-streaming criterion. The gray shaded area shows
the region where ∆NBBNeff . 0.364 is satisfied. Each of
solid lines of different colors is a set of points on (mΦ, λ)
plane producing each specified free-streaming length of
A
′
µ based on Eq. (15). The region below the green dot-
ted line makes the dark thermal bath formation possible
while the region above the red dotted line makes it sure
that φ becomes non-relativistic before it decays to A
′
µs.
Finally the region below the dotted blue line produces
the lower bounds of mA′ smaller than 3keV via the map-
ping of the lower bound on thermal WDM provided by
the Lyman-α forest data, i.e. mthermalwdm > 5.3 keV [11].
When combined together, indeed the applied three
constraints denoted by the dotted lines produce the over-
lapped region for λ & 10−3 and mΦ & 1012GeV. The
points residing in the overlapped region enables A
′
µ to
resolve the small scale problems as the WDM by produc-
ing λFS ' 0.07Mpc. As such, A′µ in the model is really
shown to be a non-thermally originated WDM causing
XENON1T anomaly, consistent with the various exist-
ing cosmological constraints.
V. DISCUSSION
In this letter, motivated by the recently reported
XENON1T excess, we propose a minimal model where
the massive gauge boson of U(1)B−L gauge theory with
the kinetic mixing ' 10−15 can play the role of the dark
photon dark matter with its mass mA′ ∈(2 keV,3 keV) in-
ducing XENON1T anomaly. As the DM candidate with
the free-streaming length of order ∼ O(0.1)Mpc, A′µ is
classified as the WDM which can address the small scale
problems that ΛCDM is suffering from.
Relying on U(1)B−L gauge theory which is the well
motivated extension of the SM, we introduced a scalar
and three heavy right-handed neutrinos charged under
U(1)B−L in addition to the SM particle content, which is
the minimal set-up for ensuring the successful operation
of the seesaw mechanism and leptogenesis. Imposing
masses to the three-right handed neutrinos, the scalar
was shown to be able to serve as the parent particle
for the dark photon warm dark matter. Due to the
non-thermal production mechanism we assumed in the
model, the gauge boson mass of mA′ ∈ (2keV, 3keV)
can be consistent with the Lyman-α forest observation.
Intriguingly, we figured out that for the self-quartic in-
teraction λ & 10−3 and the scalar mass mΦ & 1012GeV,
the model can produce the non-thermally originated
dark photon warm dark matter consistent without
running a foul of existing cosmological and astrophysical
constraints as a source of XENON1T anomaly. Although
we focus on U(1)B−L gauge theory, our DM production
mechanism can be easily applied to a hidden Abelian
gauge theory.
Note added: After we finished this paper, we became
aware of arXiv:2007.02898 [hep-ph] [44]. However, the
mechanism to make the U(1)B−L gauge boson DM there
is different from ours. See also references in their paper
for proposals related to XENON1T anomaly.
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